In 120 patients with severe emphysema evaluated for participation in the National Emphysema Treatment Trial, pulmonary hemodynamics and ventricular function were assessed. Pulmonary function tests were (%predicted): FEV 1 ϭ 27%; residual volume ϭ 224.6%; diffusion capacity ϭ 26.7%. In 90.8% of patients, endexpiratory pulmonary artery mean pressure was Ͼ 20 mm Hg; in 61.4%, end-expiratory wedge pressure was Ͼ 12 mm Hg. Cardiac index was normal. Mean pulmonary artery pressure correlated inversely with arterial P O 2 , and severity of emphysema, and directly with wedge pressure. Multiple stepwise regression revealed that arterial P O 2 was not an independent predictor of mean pulmonary artery pressure. No correlation was found between indices of emphysema severity and PA pressures. Diastolic ventricular pressures were increased without evidence of systolic dysfunction. We conclude that ( 1 ) elevations of pulmonary vascular pressures are common, ( 2 ) pulmonary hypertension may be related to factors other than hypoxia, ( 3 ) pulmonary hypertension does not impair resting systemic O 2 delivery, and ( 4 ) elevated cardiac diastolic pressures do not represent systolic dysfunction.
Pulmonary hypertension and cor pulmonale are important predictors of mortality in chronic obstructive pulmonary disease (COPD) (1) (2) (3) (4) and contributes to disability in this disease (5, 6) . Relatively few studies of cardiovascular function in COPD have focused specifically on patients with emphysema. These studies have often relied on clinical criteria to distinguish emphysema from chronic bronchitis. However, clinical findings correlate poorly with the extent of anatomic emphysema on computed tomographic (CT) scans or histologic specimens (7) (8) (9) (10) . Thus, such studies may not have clearly differentiated patients with emphysema from those with chronic bronchitis.
The National Emphysema Treatment Trial is an ongoing multicenter prospective, randomized, controlled trial comparing lung volume reduction surgery plus medical therapy to medical therapy alone in patients with severe emphysema. Subjects who are enrolled have been anatomically, physiologically, and clinically well-characterized with a battery of pulmonary and cardiac tests including high-resolution CT scanning. At 3 of the 17 participating centers, all patients have additionally undergone right heart catheterization and multigated blood pool radionuclide ventriculography. This provides a unique opportunity to study resting cardiovascular function in a relatively homogeneous group of patients with severe emphysema.
In this paper, we characterized resting cardiovascular function of these patients at the time of their baseline evaluation. In addition to determining the prevalence of cardiovascular dysfunction and pulmonary hypertension in an observational study, we have also tested the following hypotheses: ( 1 ) pulmonary hypertension is associated with arterial hypoxemia; ( 2 ) cardiac output decreases as pulmonary hypertension becomes more severe; ( 3 ) pulmonary hypertension impairs resting right ventricular function; and ( 4 ) elevated intracardiac pressures reflect mechanical heart-lung interactions due to elevations in lung volume rather than intrinsic myocardial disease or ventricular interdependence effects.
METHODS
The Institutional Review Boards at each institution approved protocols and all patients signed informed consent before participating in these studies.
Patient Population
One hundred twenty patients were studied on evaluation for entry into the National Emphysema Treatment Trial. Details of the trial have been published (11) . Patients had activity-limiting dyspnea and emphysema as judged by CT scanning. Patients were excluded if they smoked within 4 months of evaluation, or had previously diagnosed pulmonary vascular disease, ischemic heart disease, congestive heart failure, intrathoracic disease, or previous lung surgery. In the present paper, we included patients who did not continue to randomization in the National Emphysema Treatment Trial if the reason for this was pulmonary nodule, pulmonary hypertension discovered at screening, emphysema deemed too severe by CT scan, missed data time windows, subject withdrawal after rehabilitation, or physician judgment. Ninety of our 120 patients were eventually randomized.
Pulmonary function testing consisted of spirometry, lung volumes (plethysmography), and single-breath CO diffusion capacity (D L CO ) (uncorrected for hemoglobin). Arterial blood (room air-subjects seated) was drawn for measuring gas tensions. Pulmonary function variables were expressed as percent predicted (12) (13) (14) , indicated by a % following the variable.
Right heart catheterization was performed at rest with patients supine. Oxygen was given if needed to achieve saturation Ͼ 92%. Right atrial (RA), right ventricular, pulmonary arterial (PA), pulmonary wedge (Pw), systemic arterial pressures, arterial and mixed venous O 2 saturations, and cardiac output by thermodilution were measured. All pressures were taken at end-expiration. In 73 patients, right ventricular ejection fraction was measured at catheterization using a rapid response thermistor-tipped catheter (15) . Mean PA pressures were calculated from end-expiratory PA pressures (mean PA ϭ PA diastolic ϩ [pulse pressure/3]). Pulmonary vascular resistance (PVR) was calculated as PVR ϭ [(PA mean -Pw)/CO] ϫ 79.9 (dynes-sec-cm -5 ).
Within a few days of the catheterization, 92 patients underwent gated pool radionuclide angiography at rest while supine for measurement of left ventricular ejection fraction. We assumed that cardiac output measured at rest at catheterization and at gated pool scan were equal and calculated stroke volume, left ventricular and right ventricular end-diastolic and end-systolic volumes. We divided appropriate cardiovascular parameters by body surface area to obtain indices.
CT Scanning
Using standardized protocols, helical and high-resolution CT scans were obtained while supine in full inspiration. The lung fields on each side were divided into upper, middle, and lower zones. The degree of emphysema for each zone was visually quantified at each institution on a scale from 0 (no emphysema) to 4 (severe emphysema) by radiologists who had received training in the trial's CT standards. Grading for each zone was based on a judgment of how much, as a percentage of the volume of the zone, was involved with emphysema. For example, "severe" was defined as Ͼ 75% of the zone involved with emphysema. The emphysema score was the sum of the emphysema scores for the six lung zones.
Statistical Methods
The primary statistical goal of this study was to estimate the prevalence of pulmonary hypertension in this population and determine which factors are associated with it. We determined the frequency distribution of PA systolic and mean pressures as well as Pw. In addition, in keeping with clinical practice and previous literature (7, 8, 10) 
RESULTS
Of the 120 patients, 73 were males and 47 females. Ages ranged (in years) from 51-79. Racial distribution was as follows: 112 whites, 7 African Americans, and 1 other. Body mass index (BMI), age, pulmonary function, gas exchange, and emphysema scores are shown in Table 1 . The patients had severe airflow obstruction, hyperinflation, and substantial air trapping. There was a wide range of arterial P O 2 , percent predicted D L CO (D L CO %), and CT emphysema scores. Table 2 shows the variables measured at catheterization. Mean, systolic, and diastolic PA pressures as well as Pw and RA pressure were on average above the normal range. However, cardiac output and cardiac index were low normal, as were the mean values of left and right ventricular ejection fractions. Thus, even with high diastolic filling pressure, systolic function as assessed by EF appeared to be well preserved. Figure 1 shows the frequency distributions of PA systolic and mean pressures, and Pw, which appeared unimodal. Table 3 shows the prevalence of the ranges of PA pressures according the categories given above. 90.8% of the patients had moderate to severe elevations of PA systolic and mean pressures. For Pw, 61.4% had values above the normal range ( Ͼ 12 mm Hg). Table 4 lists the results of univariate regression analyses. Only the significant correlations are shown. Table E1 in the online data supplement gives all of the univariate regression analyses performed; the raw data are given in Table E2 . Definition of abbreviations : BMI ϭ body mass index (kg/m 2 ); D L CO % ϭ percent predicted CO diffusion capacity; FEV 1 % ϭ percent predicted FEV 1 ; FRC% ϭ percent predicted FRC; Hgb ϭ hemoglobin (g/dl); n ϭ number of observations; pH ϭ arterial pH (units); RV% ϭ percent predicted residual volume. Definition of abbreviations : CI ϭ cardiac index (L/min/m 2 ); CO ϭ cardiac output (L/ min); HR ϭ heart rate; LVEDV ϭ left ventricular end-diastolic volume (ml); LVEDVI ϭ left ventricular end-diastolic volume index (ml/m 2 ); LVEF ϭ left ventricular ejection fraction; LVESV ϭ left ventricular end-systolic volume (ml); LVESVI ϭ left ventricular end-systolic volume index (ml/m 2 ); MAP ϭ mean arterial pressure; n ϭ number of observations; PADex ϭ end-expiratory pulmonary arterial diastolic pressure; PAM ϭ mean pulmonary arterial pressure; PASex ϭ end-expiratory peak systolic pulmonary arterial pressure; PVR ϭ pulmonary vascular resistance (dyne и sec/cm 5 ); Pw EX ϭ end-expiratory pulmonary wedge pressure; RAPex ϭ end-expiratory right atrial pressure; RVDex ϭ end-expiratory right ventricular end-diastolic pressure; RVEDV ϭ right ventricular end-diastolic volume (ml); RVEDVI ϭ right ventricular end-diastolic volume index (ml/ m 2 ); RVESV ϭ right ventricular end-systolic volume (ml); RVESVI ϭ right ventricular end-systolic volume index (ml/m 2 ); RVEF ϭ right ventricular ejection fraction; RVSex ϭ end-expiratory peak systolic right ventricular pressure; SAT A O 2 ϭ arterial O 2 saturation; SAT V O 2 ϭ mixed venous O 2 saturation; SV ϭ stroke volume; SVI ϭ stroke volume index (SV/m 2 ). All pressures are in mm Hg.
Determinates of PA Pressures
To test Hypothesis 1 (that pulmonary hypertension is associated with hypoxemia), PA mean pressure was regressed against all the variables in Table E1 in the online data supplement. In this analysis, arterial P O 2 , FEV 1 %, and D L CO % were inversely correlated with and Pw was directly correlated with PA mean pressure. PA mean pressure was not, however, correlated with CT emphysema scores. Figure 2 shows the predictors of PA mean pressure that remained significant in the multiple regression analysis. When the factors listed in Table 4 as determinants of PA pressure were entered into a multiple regression model, arterial P O 2 was no longer a significant independent predictor of PA mean pressure. The final regression equation predicting PA mean pressure was: PA mean ϭ 24.98
Correlates of Cardiac Index
To test Hypothesis 2 (that pulmonary hypertension impairs systemic blood flow), we performed univariate regression analyses between cardiac index and the factors listed in Table  E1 in the online data supplement. Table 4 shows that cardiac index was positively correlated with right ventricular ejection fraction, left ventricular end-diastolic volume index, left ventricular end-systolic volume index, and right ventricular enddiastolic volume index, but was inversely correlated with arterial P O 2 . Of note, there was no significant correlation between cardiac index and PA systolic or mean pressures, Pw, or the pressure gradient across the pulmonary bed (PA mean-Pw). Multiple backward stepwise regression revealed that only left ventricular end-diastolic volume index and left ventricular end-systolic volume index were independent predictors of cardiac index. Cardiac index ϭ 0.048 ϩ 0.076(left ventricular enddiastolic volume index) Ϫ 0.068(left ventricular end-systolic volume index); R 2 ϭ 0.67, p Ͻ 0.0001. Thus, a considerable proportion of the variance (67%) of cardiac index was explained by indices of left ventricular function, and pulmonary hypertension was independent of both pulmonary hypertension and right ventricular function.
Correlates of Right Ventricular Function
We wished to determine whether right ventricular afterload, as indicated by PA mean pressure or PVR, was a predictor of right ventricular systolic function as measured by right ventricular ejection fraction (Hypothesis 3). As shown in Table 4 , PA mean pressure was inversely correlated with right ventricular ejection fraction, and positively correlated with right ventricular end-diastolic and end-systolic volume indices (Table  4) . Right ventricular ejection fraction was also inversely correlated with PVR. Neither right ventricular ejection fraction nor right ventricular volume indices correlated with measures of airflow obstruction. When the factors listed in Table 4 
Correlation between Lung Volume and Ventricular Filling Pressures
To determine if the degree of hyperinflation predicted the level of RA pressures or Pw, we performed univariate regression analyses between functional residual volume% and these measures of ventricular filling. Neither regression was statistically significant.
Correlation between Indices of Emphysema Severity
Both CT scores and DL CO % are indices of the severity of tissue destruction in emphysema. Table 4 shows the correlation of these indices. Additional correlations are graphed in the online data supplement, Figures E1-E6. These are: PA mean versus arterial PO 2 , cardiac output ( Figure E1 ); cardiac index ( Figure E2) ; arterial saturation, CT score ( Figure E3 ); and O 2 saturation ( Figure E4 ). Figure E5 shows the correlation between the pressure gradient across the pulmonary bed and cardiac index, and Figure E6 shows the correlation between CT score of emphysema severity and DL%.
DISCUSSION
This study is the first to combine pulmonary function testing, right heart catheterization, high-resolution CT, and radionuclide angiography to describe cardiovascular function in a large, well-characterized group of patients with severe emphysema. We demonstrated a high prevalence of moderate to severe pulmonary hypertension, and of elevated Pw. Mean cardiac index was in the low normal range. By multiple regression, DL CO %, Pw, and FEV 1 %, but not arterial PO 2 , were significant predictors of PA mean. Cardiac index was positively correlated with indices of ventricular function, but not with PA mean pressure. On multiple regression, only left ventricular ejection fraction, arterial PO 2 , and PA mean pressure were independent correlates of right ventricular ejection fraction. Indices of left and right ventricular filling were directly correlated with each other. Finally, we found few correlates of PVR. In the ensuing discussion, we will consider these findings in the light of the currently available literature.
Gated pool radionuclide measurements of left ventricular ejection fraction were obtained at different times than measurements of right ventricular ejection fraction, cardiac output, and HR, but were obtained within a few days of catheterization under similar conditions. We believe that our assumption of similar cardiac outputs under similar conditions (resting supine, on oxygen if necessary) were reasonable and enabled us to reliably calculate ventricular volumes. For safety reasons, we provided O 2 as needed during gated pool studies and catheterization. Thus, we did not examine the effects of hypoxic pulmonary vasoconstriction on pulmonary pressures. Because all patients with resting hypoxia were receiving domiciliary oxygen, pulmonary vascular tone at the time of testing was likely similar to that which the patient had throughout the day. In addition, this was a relatively nonhypoxic population, the mean PO 2 being around 65 mm Hg. Further, 86 of 120 patients had a resting arterial PO 2 у 60 mm Hg. It is likely that few of these patients required O 2 at cardiac catheterization. Thus, we believe that hypoxic pulmonary vasoreactivity reversed by O 2 was not an important contribution to the hemodynamic values reported at catheterization.
We use both CT emphysema score and DL CO % as independent measures of the degree of capillary destruction. We acknowledge potential difficulties with interobserver variability with the interpretation of visual scores collected from several institutions by several radiologists. Nevertheless, emphysema scores were positively correlated with DL CO % (Table 4) . Thus, we believe that the reported emphysema scores are representative of the degree of parenchymal damage, and the associated loss of capillary surface area as reflected in the DL CO %.
Classically, pulmonary hypertension in emphysema has been attributed to three factors: hypoxia leading to vasoconstriction and vascular remodeling, compression of alveolar vessels from hyperinflation, and/or physical obliteration of pulmonary vasculature. Other possible influences include transmission of end-expiratory intrathoracic pressure elevated due to dynamic or static hyperinflation or use of expiratory muscles. Animal studies of emphysema generally demonstrated mild to moderate pulmonary hypertension (16) , but reached different conclusions as to its cause, and have raised some interesting alternate possibilities. Some studies (17, 18) have emphasized the role of vascular reactivity, whereas others (19, 20) have emphasized the impact of vascular obliteration by parenchymal destruction. The finding of inflammatory markers in the lungs and pulmonary vessels of patients with COPD (21, 22) and smokers also suggests that inflammation plays a role in vascular remodeling or obstruction. On the other hand, recent animal studies (23) showed that inhibition of vascular endothelial growth factor receptors leads to emphysema and epithelial and endothelial apoptosis. These data suggest that noninflammatory processes originating in pulmonary vasculature can also contribute to the pathogenesis of emphysema.
In the present study, there was a high prevalence of pulmonary hypertension defined from PA pressures, including severe pulmonary hypertension ( Figure 1, Table 3 ). Burrows and coworkers (3) found that patients with emphysema had higher PVR and lower cardiac outputs than patients without emphysema. By contrast, Boushy and North (24) failed to confirm this finding. Difficulty distinguishing emphysema from chronic bronchitis clinically could account for the different findings.
Oswald-Mammosser and colleagues (25) found a prevalence of resting pulmonary hypertension of only 20.5% in a large series of patients with emphysema. In a recent study of patients with COPD (mean FEV 1 44.6% predicted), this same group (26) demonstrated that the evolution of pulmonary hypertension in patients with no previous evidence of resting pulmonary hypertension was slow. Even after a 7-year follow-up, few patients had resting pulmonary hypertension. However, in comparison with our patients (mean FEV 1 27% predicted) the patients studied by Oswald-Mammoser and colleagues had considerably less severe disease. Further, we found that as FEV 1 worsened, so did the degree of PH. Combining the data of Oswald-Mammoser and colleagues (25, 26) with that from our study leads to the conclusion that worsening pulmonary hypertension is associated with worsening airflow obstruction.
We were surprised that arterial PO 2 was not an independent correlate of PA mean on multivariate analysis, suggesting that hypoxic vasoconstriction or remodeling are not related to pathogenesis of pulmonary hypertension in severe emphysema. There are several explanations for this finding. First, severe hypoxia (resting arterial PO 2 Ͻ 45 mm Hg) or O 2 requirements Ͼ 6 L/min during 6-minute walk testing, were exclusions to National Emphysema Treatment Trial participation. This narrowed the range of arterial PO 2 in the subjects, which may have obscured a relation between PA mean and arterial PO 2 . Consistent with these explanations, Kessler and coworkers (26) found that in COPD patients with arterial PO 2 Ͼ 60 mm Hg, hypoxic vasoconstriction plays a minor role in generating pulmonary hypertension. Our mean arterial PO 2 of 65 mm Hg would therefore put our patients in this range. Second, arterial PO 2 was measured on room air, but all hypoxic subjects were receiving domiciliary O 2 and were catheterized while on supplemental O 2 . Thus, hypoxic vasoconstriction and remodeling may have been reversed by acute and long-term O 2 administration.
The DL CO %, Pw, and severity of airflow obstruction (FEV 1 %) remained as independent correlates of PA mean pressure, together explaining 46% of its variance. Oswald-Mammosser and colleagues (25) also found a correlation between PA pressures DL CO %. To the extent that DL CO % reflects destruction of pulmonary microvessels, it is axiomatic that sufficient loss of DL CO would elevate PA mean pressure. The correlation between PA mean and Pw is not necessarily so straightforward. Auto-positive end-expiratory pressure in patients with emphysema (27) could lead to compression of capillaries and create "zone II" conditions, where alveolar pressure would be the back pressure to pulmonary flow (28) . This situation would dissociate Pw from PA pressure. By contrast, we found a direct correlation between these variables. Thus, we believe that Pw is acting as the backpressure to PA flow, and auto-positive end-expiratory pressure is not an important mechanism increasing PA pressure in severe emphysema at rest. These findings are consistent with previous studies in lung mechanics in patients with severe emphysema that found little or no auto-positive end-expiratory pressure at rest (29) .
The reason for the inverse correlation between airflow limitation (FEV 1 %) and PA mean pressure is uncertain. Although it is possible that greater airflow limitation could lead to greater hyperinflation and compression of alveolar vessels, we found no correlation between functional residual volume% and PA pressures. Alternatively, with increasing severity of airflow obstruction, end-expiratory intrathoracic pressure increases, which would be transmitted to the pulmonary vasculature. Finally, because pulmonary vessels and airways share the bronchovascular sheath, dilated proximal pulmonary arteries may encroach on proximal airways, further decreasing FEV 1 %.
Hyperinflation of the lungs could, by directly compressing the heart and intrathoracic vessels, elevate intracardiac pressures. Indeed, this is known to occur during exercise in patients with COPD (30, 31) . Although this is a possibility in our severely hyperinflated patients, there was no correlation between lung volume and PA mean, or ventricular diastolic pressures (RA and Pw). Thus, if hyperinflation plays a role elevating intracardiac or PA mean pressures, the relationship is complex and requires that other factors, such as lung and chest wall compliance, be taken into account.
As expected, right ventricular ejection fraction decreased as our measured indices of afterload (PA pressures, PVR) increased, and indices of right ventricular volumes increased with increased PA pressures. These data suggest that decreased right ventricular ejection fraction and increased right ventricular volumes may not indicate changes in contractility, but simply a change in afterload. End-systolic pressure volume curves would have been necessary to differentiate changes in afterload from changes in contractility (32) . The inverse correlation between arterial PO 2 and right ventricular function is interesting. Although we do not know why this is so, it is possible that heightened sympathoadrenal tone with lower arterial PO 2 leads to enhanced ventricular contractility. Consistent with this notion, there was also an inverse correlation between arterial PO 2 and cardiac index. These findings suggest global changes in cardiac function, rather than isolated effects on right ventricular in severe emphysema.
There has been considerable debate regarding whether COPD itself causes left ventricular dysfunction, with conflicting conclusions in the literature (33) (34) (35) (36) (37) (38) (39) . Previous studies have neither been limited to patients with emphysema nor stratified patients by the severity of airflow obstruction or blood gas abnormalities. Thus, hypoxia, hypercapnia, or differences in sympathoadrenal tone could have contributed to left ventricular dysfunction. In spite of the high prevalence of elevated Pw in our patients, we found little evidence of left ventricular systolic dysfunction, as evidenced by left ventricular dilation or decreased ejection fraction. Similar findings had been reported in the studies of Weg and associates (40) in a small group of patients awaiting lung reduction surgery.
Previous studies have demonstrated that diastolic enlargement of one ventricle results in decreased diastolic filling of the other (41, 42) . This effect, called diastolic interdependence, is mediated through the septum and augmented by the pericardium. Indeed, it has been reported that in patients with COPD, enlargement of the right ventricle is associated with decreased left ventricular diastolic dimensions (43) . In the current population, we had expected that interdependence effects would have led to a reciprocal relationship between right ventricular and left ventricular end-diastolic dimensions, with decreasing left ventricular end-diastolic volume index associated with increased right ventricular end-diastolic volume index. This was not observed, and instead (Table 4) we observed a direct correlation between right ventricular end-diastolic and left ventricular end-diastolic volume indices, as well as between RA pressure and Pw. Our findings suggest that indices of right-and left-sided function simply reflected the state of overall myocardial function.
We hypothesized that pulmonary hypertension would reduce cardiac index in these patients, and that therefore cardiac index would be inversely correlated with pulmonary artery pressure. However, cardiac index correlated neither with PA pressure, nor the pressure gradient across the pulmonary vascular bed. The relationship between PA pressure and cardiac index would be governed by two factors. On one hand, as PVR increases, PA pressure at any given cardiac index increases. This increased right ventricular afterload would tend to impede cardiac index, especially at higher PA pressure. On the other hand, for any given PVR, increased venous return would increase PA pressure (Ohm's law). The convergence of these two opposing effects could obscure one or the other factor depending on PVR and right ventricular function. Hence, we found little evidence that in emphysema patients, pulmonary hypertension impeded peripheral O 2 delivery at rest. It is likely, however, that with exercise pulmonary artery pressures would be greater in these patients because of loss of pulmonary vascular reserve (30, 44) , a factor that could limit cardiac index during exercise.
In conclusion, in a well-characterized population of patients with advanced emphysema, the prevalence of elevations in PA pressures and Pw was high. However, pulmonary hypertension was not associated with severe right or left ventricular dysfunction, or limitation of cardiac index at rest. Indices of right and left ventricular function were directly correlated, suggesting that interdependence effects were small and that indices of ventricular function reflect overall myocardial function. Although cardiovascular function may become impaired with exercise, resting function is well preserved despite advanced emphysema.
